Pulvini of excised stem segments from barley (Hordeum vulgare cv 'Larker') were pretreated with 1 millimolar coumarin before gravistimulation to reduce longitudinal cell expansion and exaggerate radial cell enlargement. The cellular localization and pattern of graviresponse across individual pulvini were then evaluated by cuffing the organ in cross-section, photographing the cross-section, and then measuring pulvinus thickness and the radial width of cortical and epidermal cells in enlargements of the photomicrographs. With respect to orientation during gravistimulation, we designated the uppermost point of the crosssection 0°and the lowermost point 1800. A gravity-induced increase in pulvinus thickness was observable within 400 of the vertical in coumann-treated pulvini. In upper halves of coumarintreated gravistimulated pulvini, cells in the inner cortex and inner epidermis had increased radial widths, relative to untreated gravistimulated pulvini. In lower halves of coumarin-treated pulvini, cells in the central and outer cortex and in the outer epidermis showed the greatest increase in radial width. Cells comprising the vascular bundles also increased in radial width, with this pattem following that of the central cortex. These results indicate (a) that all cell types are capable of showing a graviresponse, (b) that the graviresponse occurs in both the top and the bottom of the responding organ, and (c) that the magnitude of the response increases approximately linearly from the uppermost point to the lowermost. These results are also consistent with models of gravitropism that link the pattern and magnitude of the graviresponse to graviperception via statolith sedimentation.
According to the classical Cholodny-Went model (5, 27) , gravitropism is a process of three components: graviperception, transduction, and graviresponse. The graviresponse component, in stems of panicoid grasses (e.g. barley, oats, rice), occurs primarily in the leaf-sheath pulvinus ( 14) . The ultimate manifestation of the graviresponse is the promotion of cell expansion in an asymmetric fashion. This effect is mediated by an asymmetric distribution of hormones, according to contemporary theory (17, 19, 23) .
The cellular site of response, and of hormone action, is unclear. In wheat pulvini, the outer epidermis has been found to be essential for response (2) , while (6) . In other gravitropic systems, the situation is equally unclear. In the hypocotyl of Helianthus, for example, the response may be in the 'outer peripheral cell layers' (10) or it may occur in both the cortex and epidermis (18) . In primary roots of Zea, the epidermis and possibly also the cortex were previously thought to be the site of the graviresponse (9, 19) . Recent evidence (1), however, indicates that neither the epidermis nor the cortex are essential for the graviresponse (in roots), and that perhaps either the endodermis or pericycle plays a significant role. An understanding of the cellular site of response is essential for developing coherent models of hormone action or hormone redistribution during gravitropism. In the present study, we use coumarin, a cellulose synthesis inhibitor (12) , to localize the graviresponse of cells in the pulvinus of barley. This treatment reduces cell growth in the longitudinal direction and exaggerates the increase in cell width normally associated with an enhanced growth response (7, 11, 13, 26) . This in turn leads to a marked decrease in the upward bending of the gravistimulated barley pulvinus (7).
MATERIALS AND METHODS Materials
Barley plants (Hordeum vulgare cv 'Larker') were raised from seed, under conditions described previously (3, 15) . For experimentation, plants, approximately 45 d old, were selected for length of next-to-last (p-1 locus) internode greater than 4 cm, at which stage the next-to-last (p-1) pulvinus was maximally competent to show a graviresponse (4).
Treatments
Stem segments were excised 4 cm above and 4 cm below the (p-1) pulvinus and pretreated for 3 h with 1 mm coumarin (Sigma Chemical Co., St. Louis, MO). Segments were then rinsed and placed with the segment base in 0.1 M sucrose, and gravistimulated at 900 for 48 h, in darkness at 25C. Pulvini were subsequently marked at the uppermost point for identification of the top side after mounting.
Tissue Preparation
For all measurements, thin radial and longitudinal sections of treated pulvini were fixed in 10% formalin. After dehydra-tion and embedding in paraffin, sequential sections were mounted on glass slides and stained with hematoxylin and eosin, followed by periodic acid Schiffs reaction (24) . For Figure 1 , thin radial sections were embedded directly in 5% agarose prepared with 0.05 M PBS (pH = 7.4), cut to approximately 50 jum with a vibratome (Lancer Vibratome Series 1000 Sectioning System), and mounted without staining. These preparations were then photographed and cells in enlargements of photographs were measured. To visualize sedimented starch grains, pulvini were gravistimulated for 10 min, fixed in the gravistimulated orientation in 3% formaldehyde in PBS for 0.5 h followed by 0.5 h free-floating in formaldehyde, then embedded in 5% agarose in PBS and cut by vibratome as described above. Prepared sections were stained with 12KI before photographing to visualize starch grains in amyloplasts of statenchyma cells.
Measurements and Replication
Enlargements of radial preparations were marked off in angles ranging from 00 for uppermost side (in gravistimulated preparations) to 1800 for the bottom (Fig. 1 ). Cell widths, measured radially, and pulvinus thickness were measured by discrete, two-point analysis using a Mops 3 Digital Image Analyzer (Zeiss). Values presented for cell widths are means 0 0 90-oooe of pooled data from three preparations from different pulvini, using 3 to 5 cells (for either inner or outer epidermis) or 6 to 10 cells (cortex) per angle from each preparation. Values for pulvinus thickness were derived from values taken at the given angle and at 50 and 100 either side (i.e. n = 5). Significance of differences were evaluated using Student's t test with a level of significance of 0.05.
RESULTS

Change in Pulvinus Thickness
Following gravistimulation, there was a modest increase in the thickness of the lower half of the leaf-sheath pulvinus, when compared with the thickness of the upper half (Fig. 2) . Treatment with coumarin greatly enhanced this effect (Fig. 2) . In fact, a general, significant increase in pulvinus thickness was manifest in gravistimulated pulvini before sectioning, particularly on the lower side. When the graviresponse was evaluated as the change in pulvinus thickness, a statistically significant graviresponse could be measured within 400 of the uppermost point ofthe pulvinus. This graviresponse increased steadily, approaching the maximum at the vertical downward angle. That is, the graviresponse was not limited to the lower half of the pulvinus. Instead, the response encompassed over three-quarters of the gravistimulated pulvinus.
Effect of Coumarin at the Cell Level
At the uppermost point of the gravistimulated pulvinus, where the graviresponse is normally negligible, coumarin induced significant enlargement of specific cell types (Table  I) 
Effect of Coumarin Around the Pulvinus
Within the coumarin-treated, gravistimulated pulvinus, cells in both the inner and outer epidermises increased in radial width with increasing angle of measurement (Fig. 3A) . Statistically significant effects within the inner epidermis were measurable within 400 of the vertical; significant effects in the outer epidermis were not evident until 90°of the vertical. The relative effects of gravistimulation combined with coumarin were greatest at the outer epidermis (Fig. 3B) . Cells in the outer epidermis nearly doubled in width, whereas inner epidermal cells only increased approximately 55%.
Cells in the cortex also responded to gravistimulation combined with coumarin by increasing in radial width (Fig. 4A) . This graviresponse was expressed differentially within the cortex, depending on the angle of measurement. Statistically significant changes occurred in the inner cortex, with cell width increasing as angle increase from 0 to 1000. Interestingly, cell width in the inner cortex decreased with angles of measurement increasing above 1000. Cells at 180°, compared with those at 100°, had significantly decreased cell widths (i.e. radial diameters) but only slightly decreased cell areas (data not presented). As a result, inner cortical cells at 1800 appeared flattened, plausibly resulting from the pronounced enlargement of cells in the central cortex (see below).
The width of cells in the central cortex increased in approximately linear fashion with increasing angle of measurement. A similar, less pronounced effect was also measured in the outer cortex. Relatively, the greatest effect within the cortex was in the central and inner regions between 0 and 100°, and in the central region alone between 120 and 1800 (Fig. 4B ). The effect of coumarin plus gravistimulation on radial enlargement of the collenchyma, a tissue that constitutes a large proportion of the pulvinus cross-sectional area, is also significant (7) . The collenchyma, ranging in location from the central to the outer cortex, appears to approximate the responses of these cortical tissues (data not presented).
DISCUSSION
The pattern of increase in cell width, in the coumarintreated pulvinus following gravistimulation, is a severe exaggeration of that observed in the control, gravistimulated pulvinus (Fig. 2) (7) . Coumarin reduces longitudinal growth and redirects it in the radial direction, as has been demonstrated in a variety ofgrowing tissues (1 1, 13, 26) . However, coumarin has little effect in pulvini that are not gravistimulated (7) . Taken together, these findings indicate that the observed asymmetric increases in cell width, as produced by coumarin treatment, are gravity-induced and result from modification of the normal gravitropic mechanism.
Since a significant differential (radial) growth response occurs in gravistimulated, coumarin-treated pulvini, it would appear that coumarin does not alter the perception component of gravitropism. Rather, it alters the expression of the perceived stimulus, either at the level of transduction or response. For example, coumarin may simply enhance ethylene production, as has been observed in bean stem tissue (20) . The local increase in cell expansion in the radial direction, then, may be indicative of the local ethylene level. Since ethylene level, in turn, can be related to auxin level (11) , coumarin-induced radial expansion may be an indicator of auxin level.
All cell types show a graviresponse in the leaf-sheath pulvinus. The response is not restricted to either an 'upper' or 'lower' region (21), nor to an outer epidermis or outer cortex. This is consistent with the reports that excised or surgically modified plant parts are capable of showing a graviresponse (1, 3, 18) . Although Bridges and Wilkins (2) reported that a lower epidermis is required for a graviresponse in wheat node tissue, studies using bisected sunflower hypocotyls (18) or excised pulvinus wedges (7, 29) have shown that a graviresponse is observable regardless of epidermis location. In fact, Bjorkman and Cleland (1) have clearly shown that the graviresponse still occurs when all upper and lower cortex and epidermis are removed and only the lateral tissue remains.
The graviresponse in the leaf-sheath pulvinus is a gradient, approximately linear, from uppermost to lowermost points. This finding has implications vis a vis the mechanism of gravitropism. An asymmetric distribution ofboth gibberellins (22) and auxin (6, 16) results from gravistimulation ofpulvini. Our data indicate that this distribution should be a linear gradient, from the highest point to the lowest in the gravistimulated pulvinus, and that the hormones should be acting on all cell types. Alternatively, we have previously reported that gravistimulation alters the responsiveness of pulvini to hormones (3) . It is possible that gravistimulation produces a gradient in some nonhormonal factor (e.g. calcium ions or electrical charge) that more finely modulates the response to an imperfect, nonlinear redistribution of hormone.
The pattern of graviresponse may be a direct product of the process of graviperception. In barley pulvini, graviperception occurs in statocytes (25) which span the inner and central cortex in association with vascular bundles (Fig. 5) . When a pulvinus is gravistimulated, the starch-filled amyloplasts (statoliths) on the lowest side fall to the cell face that is distal to the center of the pulvinus. Statoliths in cells on the uppermost side will fall to the cell face that is proximal to the center, and statoliths in cells between these points will fall to an intermediate cell surface. The simplest model accounting for our findings would be that active auxin transport is directed by the statocytes (9) , so that auxin moves in the direction that the statoliths sediment (28) . That [8] or membrane-bound hormone deconjugating enzymes [14] ) may be greatest on the side distal to the center of the pulvinus and decrease to a minimum on the proximal side.
As indicated earlier, the findings reported here are apparently not limited to the leaf-sheath pulvinus. It is likely that, in maize roots, sunflower hypocotyls, and other systems, most cell types in the responding region show a graviresponse. However, the magnitude and direction of the gross response (i.e. change in growth rate) may obscure the underlying physiology. This can be seen in the work of MacDonald and Hart (18) , who showed that isolated upper and lower halves of sunflower hypocotyls both display a graviresponse, but the magnitudes of the responses differ due to differences in the cell types involved in the response in each half.
